It is well known that visual feedback of exerted force enhances muscle force during maximal voluntary contraction (MVC). Based on the previous reports on the force exertion tasks and the other tasks using the visual feedback paradigm, we hypothesized that the prefrontal cortex (PFC) is related to the enhancement of voluntary contraction force. The purpose of this study was to test the hypothesis and to identify the detail active regions in the PFC that correlates with the muscle force enhancement with visual feedback of exerted force, using near-infrared spectroscopy (NIRS). The cerebral blood flow of 11 male subjects was measured by NIRS during the MVC tasks with visual feedback of exerted torque (VFB) and without visual feedback (nVFB). As a result, both the elbow flexion torque during MVC and cerebral blood flow of the right PFC significantly increased under the VFB condition ( pϽ Ͻ0.05). In addition, the increased cerebral blood flow of the right PFC was correlated with the torque enhancement (pϽ Ͻ0.05). The present results suggest that the right PFC is related to the increase of torque under the VFB condition. Since the PFC has a significant role in motivation, the enhancement of torque with visual feedback may be associated with such a function.
Introduction
A widely-used index for evaluating the forcegenerating capacity of skeletal muscles is muscle force during maximal voluntary contraction (MVC). The muscle force during MVC is known to correlate with the muscle cross-sectional area (Ikai & Fukunaga, 1968) . However, the muscle force during MVC is not necessarily determined by quantitative characteristics of the muscle, such as muscle volume. Since muscles contract due to motor commands from the central nervous system (CNS), the activity of the CNS also affects the magnitude of muscle force during MVC. Behm et al. (2002) measured muscle force by activating peripheral nervous system and muscle without influence of CNS using electrical stimulation, and showed that the maximal muscle force evoked by electrical stimulation was higher than that of muscle force by MVC. In addition, previous studies reported that activation level of biceps brachii (BB) during MVC of elbow joint flexion did not achieve maximal level (Allen et al., 1998; Jakobi & Rice, 2002; Williams & Martin, 2004) . From these findings, muscle force during MVC suggested not to achieve maximal level due to lower activation of CNS.
The difference between maximal voluntary force and maximal force evoked by electrical stimulation can be reduced by presenting feedback information to subjects. For example, physical performance was known to be improved by presenting physical motion or its error information (Schiffman et al., 2002) . Further, presenting muscle force to subjects during MVC reported to enhance the muscle force (Peacock et al., 1981; Baltzopolous et al., 1991; Jung & Hallbeck, 2004) . Since the muscle force exerted during MVC is enhanced by presenting feedback information to subjects, MVC is considered to be greatly affected by cortical activation regions related to process that information.
There is a considerable research on cortical activation regions related to force exertion tasks. In addition to known movement-related cortical regions, the primary motor cortex, premotor cortex, and supplementary motor area, the prefrontal cortex (PFC) has been reported to show extensive cortical activity during force exertion tasks. For example, according to previous studies that measured PFC activity during voluntary contraction by using functional magnetic resonance imaging (fMRI), the activation has been observed over extensive cortical regions in the PFC on the cerebral hemisphere during 80% MVC and 100% MVC of handgrip task (Dai et al., 2001; Liu et al., 2005) . Liu et al. (2005) reported that the PFC during 100% MVC was activated more extensively than any other movement-related cortical regions. Further, PFC is also known to be activated by giving feedback information about task performance to subjects. Kawashima et al. (2000) reported that when subjects received appropriate feedback information and those that did not after line drawing tasks were measured for cerebral activity by positron emission tomography (PET), the latter subjects exhibited activated PFC along with improved accuracy of the line drawing task. Brunia et al. (2000) reported that subjects who were presented feedback information improved accuracy of button press timing, simultaneously PFC was activated compared with control subjects.
From the findings of these previous studies, it is assumed that muscle force is enhanced by MVC when feedback information is presented and this enhancement is associated with the PFC. Thus, the present study measured muscle force on MVC tasks with visual feedback of exerted force. By measuring regional cerebral blood flow of the PFC during these tasks with near-infrared spectroscopy (NIRS) by which cerebral functions can be measured with a low degree of physical constraint regardless of exercise pattern and strength (Miyai et al., 2001; Suzuki et al., 2004) , this study aimed to clarify whether the PFC is related to the enhancement of voluntary contraction force and the detail active regions in the PFC that correlates with the muscle force enhancement with visual feedback of exerted force.
Methods

Experimental design
Subjects
Eleven healthy young men (9 right-handed and 2 left-handed; age, 23.8Ϯ1.1 years; height, 169.2Ϯ3.6 cm; body mass, 65.1Ϯ4.7 kg; meanϮSD) provided written informed consent which was approved by Institutional Review Board of Waseda University Faculty of Sport Sciences to participate in this study.
Measurement environment
Measurements were conducted within a shielded, dark room, preventing direct sunlight and electromagnetic waves from measuring instruments. The subjects wore earplugs which shield highfrequency noise.
Body posture
The measurement was performed with subjects seated. Regardless of their dominant hand, the right upper arm and forearm of the subjects were fixed at shoulder and elbow joint flexion angles of 90 degrees (a full extension position angle of 0 degrees) to an elbow joint torque myometer (Static Torque Model Vte-002 R, Vine, Tokyo, Japan) with a cloth belt (Figure 1) . The forearm of the subjects was at the supinated position. An oscilloscope (CS-403S, Kenwood, Tokyo, Japan) was set in front of the subject so that he could visually confirm his exerted torque.
Motor tasks
A motor task consisted of a 5-second isometric voluntary contraction for elbow joint flexion and before and after the task, a 150-second rest was assigned. The subjects performed two types of MVC exertion tasks (Figure 2) . First, as the visual feedback (VFB) condition (Figure 2-A) , the subject's exerted torque was displayed concurrently with his target torque in real time on the oscilloscope. Peak torque exerted without VFB that was previously measured was set as the target torque. The subjects were instructed to (1) exert torque as strong and fast as possible at the start of signal, (2) make a maximal effort to exceed their target torque, and (3) maintain their exerted maximal torque for 5 s. Meanwhile, in the non-visual feedback (nVFB) condition, neither the target torque nor the exerted torque was displayed (Figure 2-B) . In addition, the subjects were instructed to (1) exert elbow joint flexion torque through their MVC as strong and fast as possible, and (2) maintain their exerted torque for 5 s, while staring at the fixation point (an X mark sized 1.5 by 1.5 cm) in the center of the oscilloscope screen. The order of these task conditions was randomly determined. Two trials were performed alternately for each condition.
Measured parameters
Elbow joint flexion torque
The elbow joint torque myometer was used for measurement of isometric elbow joint flexion torque.
The signals obtained by this myometer were amplified with a strain amplifier (DPM-611B, Kyowa Electronic Instruments Co., Ltd., Tokyo, Japan), then transferred via an analog-digital converter (PowerLab/16SP, AD Instruments, Bella Vista, Australia) at a sampling frequency of 1 kHz to a personal computer (ThinkPad/T40, IBM, New York, USA).
Cerebral blood flow
NIRS was used for measurement of cerebral blood flow. Among three measured index of NIRS, oxygenated hemoglobin concentration (oxy-Hb), deoxygenated hemoglobin concentration (deoxy-Hb), and total hemoglobin concentration (total-Hb; the sum of the two Hb indices), the oxy-Hb which represents the cerebral hemodynamics most sensitively (Hoshi et al., 2001 ) was used in this study. A multichannel NIRS imaging device (NIRStation, OMM-3000, Shimadzu Co., Kyoto, Japan) was used to measure the change of oxy-Hb level during rests and tasks. NIRS signals were obtained from the 22 regions between a near-infrared light source fiber probe (8 probes in total) and a detector probe (7 probes in total) which were located alternately at 3.0 cm intervals on a cephalometric fiber holder (110 by 140 mm) mounted on the frontal region and scalp (Figure 3) . For determination of the anatomical positions of the brain with NIRS, the international 10-20 system regarding electroencephalography (EEG) was employed (Herrmann et al., 2005; Thomas & Stephane, 2008) . Based on this method, ch17 and ch15 were placed on Fp1 and Fp2 of each subject, Fukuda, M., Miyazaki, M., and Uchida, S. 232 International Journal of Sport and Health Science Vol. respectively. The location of the NIRS probes on the scalp based on the 10-20 system corresponded to that in the Talairach coordinate axis of the standard brain, and Fp1 and Fp2 were both shown to be in near-field regions of Brodmann's area (BA) 10 (Okamoto et al., 2004) . For Fp1 and Fp2, the cerebral cortex is 1.0-2.0 cm deep from the scalp (Okamoto et al., 2004) . Furthermore, a previous study has reported the measurement of 1.2-2.0 cm depth from the scalp at an inter-NIRS-probe distance of 2.7 cm (Raichle, 1999) . Consequently, the present study, which measured the Fp1 and Fp2 region in the context of the international 10-20 system at an interprobe distance of 3.0 cm with NIRS, was considered to measure cerebral blood flow of cerebrocortical near-field regions of BA 10. The sampling frequency for NIRS signals was 160 Hz.
Data analysis
Under both conditions, the peak torque during MVC in the task period was used for analysis of elbow joint flexion torque. For analysis of NIRS signals at the time of peak torque, the difference between the peak torque during the task period and the averaged torque during the rest period was used, as analyzed by Miyai et al. (2001) and Suzuki et al. (2004) . The analyzed period per ch was 8 s consisting of a 5-second task period and a 3-second post-task period. The rest period was 30 s, ranging from 90 s to 60 s before the task period.
Statistical processing
For analyses of both elbow flexion torque and oxyHb level, the averaged value of the two trials under each condition was used. The measured values were expressed as meanϮstandard error. To compare the averaged values of the exerted torque between the conditions, a paired t-test was performed. The difference in the averaged value of PFC activity between the conditions was tested by a multiple comparison, in which a paired t-test was modified by the Dubey/Armitage-Parmar method (Sankoh et al., 1997) . This multiple comparison is used on the assumption that variables (oxy-Hb of each ch) correlate with each other. Herrmann et al. (2005) have used this multiple comparison to determine cerebral regions associated with motor inhibition with NIRS. In the present study, each detector probe placed close to each other in the PFC region assumed showing a correlation between each channel. Therefore, the multiple comparison modified with the Dubey/Armitage-Parmar method (Sankoh et al., 1997) was performed.
Results
Difference in elbow joint flexion torque between conditions
The peak torque of elbow joint flexion during MVC was 53.4Ϯ1.4 Nm under the VFB condition and 52.1Ϯ1.4 Nm under the nVFB condition. The peak torque under the VFB condition was significantly higher than that of nVFB condition by 2.7%Ϯ0.7% (pϽ0.05) (Figure 4) . Figure 5 shows a typical example of NIRS signals in frontal region from ch15 under the VFB condition. The oxy-Hb and total-Hb levels of blood flow showed similar change. These levels were lowered once from that at rest shortly after the task started, then kept rising during task period. After the task ended, these levels dropped rapidly. The deoxy-Hb level rose shortly after the task started, and then dropped in the middle of the task. All 22 chs for the NIRS-measuring probes placed over the frontal region of the subjects were compared for the peak oxy-Hb level between the conditions ( Table 1) . The peak value of the oxy-Hb level of ch11 (at the right frontal region) was significantly increased under the VFB condition compared to the nVFB condition ( pϽ0.05). The peak value of ch11 under the VFB condition was 23.5%Ϯ0.2% higher on average than that under the nVFB condition. For the peak values for the oxy-Hb level of the other chs, significant increases were not observed under the VFB condition. Figure 6 shows the relationship under the VFB condition between the relative increase of oxy-Hb level of ch11 and the relative increase of exerted torque. The enhancement of the ch11 activity under the VFB condition was found to exponentially correlate with the enhancement of the exerted torque (rϭ0.60, pϽ0.05).
Difference in cerebral hemodynamics between conditions
Relationship between torque and frontal activity during MVC
Discussion
Effect of VFB on exerted torque
Torque during MVC under the VFB condition was significantly higher than that of nVFB condition. This result was in accordance with those of previous studies that reported enhancement of muscle force exerted during MVC with visual feedback (Peacock et al., 1981; Baltzopolous et al., 1991; Jung et al., 2004) . Baltzopolous et al. (1991) and Campenella et al. (2000) have reported that knee extension force during MVC under VFB condition resulted in 8% higher than that of control condition. In the present study, the relative increase of the torque exerted during MVC by VFB was 3%, which was low compared to that of knee extension. On the other hand, McNair et al. (1996) reported that elbow flexion torque during MVC increased 5% by verbal encouragement for subjects. The previous results supported present results that feedback enhances 5% of muscle force on elbow flexion. Further, comparison of the knee extension tasks Fukuda, M., Miyazaki, M., and Uchida, S. 234 International Journal of Sport and Health Science Vol.6, 230-237, 2008 http://www.soc.nii.ac.jp/jspe3/index.htm Figure 6 Relationship between cerebral blood flow (log%oxy-Hb, ch11) on the right frontal region and MVC torque in VFB condition.
in the previous studies (Baltzopolous et al., 1991; Campenella et al., 2000) and the elbow flexion tasks in the present study suggests that the effect of the feedback during MVC may vary depending on the muscle.
Effect of VFB on cerebral hemodynamics of PFC
With the torque enhancement under the VFB condition in the present study, a significant increase was observed in the oxy-Hb level for ch11. This finding supports the present assumption that the PFC is associated with enhancement of muscle force during MVC. Furthermore, ch11 was located on the right forehead, suggesting that the right field of the PFC may be associated with torque exerted during MVC under the VFB condition. Previous studies have not clarified activated fields of the PFC associated with enhancement of torque exerted during MVC with VFB. Studies on cerebral activity during muscle force exertion have reported that the PFC on the cerebral hemisphere was activated as exerted muscle force increased gradually (Dai et al., 2001; Liu et al., 2005) and further that this field was activated most during high intensity of 80% MVC (Dai et al., 2001 ) and 100% MVC (Liu et al., 2005) compared to other movement-related cortical regions. Vaillancourt et al. (2003) have reported that the anterior medial prefrontal cortex of the PFC on the right hemisphere and the dorsolateral prefrontal cortex of the PFC on the left hemisphere were activated during muscle force control tasks of low intensity under the VFB condition. Also, these muscle force control tasks were related to regulation and control of muscle force aimed at exerting accurate muscle force. In the present study, on the other hand, the muscle force exertion tasks were aimed at exerting muscle force exceeding MVC. This difference might result in an activated cerebral field different from that of the previous studies. In addition, Dai et al. (2001) and Liu et al. (2005) employed handgrip tasks, which were different from the elbow joint flexion exertion tasks in the present study. These differences might also be associated with the difference of the activated region. Since torque exertion exceeding the subjects' MVC was observed under the VFB condition in the present study, the subjects were considered to be more motivated than those under the nVFB condition. An fMRI study on cerebral activity involving working memory tasks has reported that high reward was found to activate the PFC on the right hemisphere, which may be a region associated with motivation (Taylor et al., 2004) . Therefore, the VFB condition in the present study, which asked subjects to exert torque exceeding 100% MVC, was considered to induce stronger motivation by presenting the torque level exceeding their MVC as the target.
Individual difference in relationship between PFC blood flow and exerted torque
The correlation analysis of the relative increase of torque and the relative increase of oxy-Hb during MVC in the subjects under the VFB condition showed that these relative increases correlated positively exponentially. In a previous study that made a similar analysis by PET, Naito et al. (2000) have reported that enhancement of activity of the anterior cingulate cortex inside the PFC and reduction of reaction time for button pressing tasks were exponentially proportional. In the context of performance during maximal effort, this finding means that the subjects having higher cerebral activity resulted in faster reaction time for the tasks and this relationship was exponential proportionality. The enhancement of the ch11 activity under the VFB condition in the present study was considered to reflect the activity at near-field regions of BA 10 in the right PFC, which may be a region associated with motivation (Taylor et al., 2004) . Based on these previous results, the activation of the right PFC observed in the present study might induce stronger motivation in the subjects. In other words, the correlation between the relative increase of oxy-Hb and the relative increase of torque exerted during MVC seems to suggest that the subjects who were more motivated by the VFB condition exerted more enhanced torque.
Future prospects
In the present study, the PFC, which could be associated with enhancement of torque exerted during MVC, was measured as a cortical region measurement by NIRS based on the knowledge from previous studies (Brunia et al., 2000; Kawashima et al., 2000) . As a result, the right field of the PFC was found to be activated under the VFB condition. With NIRS, cerebral functions can be measured with low degree of physical constraint regardless of exercise pattern and strength. However, NIRS measurements have a low spatial resolution of 3.0 cm and a measurement region of 1.2-2.0 cm depth from the surface of the cerebral cortex (Okamoto et al., 2004) , so activities of deep portions of the brain and the whole brain were not clarified in the present study. Consequently, further studies will be required for details on cerebral regions activated under the VFB condition and their functions including measurement of the deep portions and the entire brain.
Summary
Although it is known that muscle force during maximal voluntary contraction (MVC) is enhanced by presenting visual feedback information about exerted torque to subjects, the neural mechanisms are unknown. In the present study, we forcuced on the prefrontal cortex (PFC) as a cerebral field that may be associated with enhancement of torque exerted during MVC with visual feedback (VFB), based on studies of the PFC activated with feedback and of the extensive activation in the PFC during MVC. By using near-infrared spectroscopy (NIRS), we measured hemodynamics of the PFC during the MVC task of isometric elbow flexion under the conditions where visual feedback was presented (VFB) and not presented (nVFB). As a result, the torque exerted during MVC was significantly enhanced under the VFB condition, and concurrently, significant enhancement of activity was observed in the right region of the PFC (pϽ0.05). Also, under the VFB condition, the enhancement of activity in this region had an exponential correlation with enhancement of exerted torque (pϽ0.05). These findings indicate that the enhancement of the torque exerted during MVC under the VFB condition was associated with the enhancement of PFC activity.
